INTRODUCTION
Shiga toxin-producing E. coil (STEC) O157:H7 and enteropathogenic E. coil (EPEC) produce a characteristic histopathology on intestinal epithelial cells known as attaching and effacing (AlE). The characteristics of this pattern includes effacement of epithelial cell microvilli and intimate adherence between the bacterium and the epithelial cell membrane. Marked cytoskeletal changes are seen directly beneath the adherent bacterium, including accumulation of polymerized actin, and the development of pedestal-like structures upon which the bacteria sit. Tzipori et al. (20) first reported the attaching and effacing histopathology in gnotobiotic piglets infected with STEC O157: H7 and it has since been reported in variety of animal species as well as with cultured epithelial cells infected with O157: H7 (reviewed in (14)). This pattern was first described for EPEC and it has been best characterized in this pathogen.
Cellular response
A major component of the cellular response to infection by STEC O 157: H7 or other A/ E pathogens is the accumulation of polymerized actin directly beneath the adherent bacteria. Increases in intracellular calcium levels have also been reported in response to infection by A/E pathogens and this is accompanied by the release of inositol phosphates (reviewed in (8)). Activation of at least two serine/threonine kinases has been reported including protein kinase C and myosin light chain kinase (reviewed in (8)). Activation of tyrosine kinases has also been reported. With EPEC strain E2348/69, Rosenshine et al. (17) reported that binding of the bacterium to the epithelial cell resulted in phosphorylation on a tyrosine residue of a 90 kDa protein in the epithelial cell. Recently, this protein has been shown to be of bacterial origin rather than eukaryotic origin and has been named Tir (see below). Interestingly, tyrosine phosphorylation of a 90 kDa protein has not been found with E. coli 0157: H7 but has been found with an STEC O26: H7 strain (2).
Beyond the individual enterocyte, there are additional host responses to infection by STEC 0157: H7 and EPEC. In monolayers of polarized epithelial cells such as Caco-2 or T84, infection with STEC O157: H7 or EPEC results in a decrease in the transepithelial resistance of the monolayers as a result of the opening of tight junctions (16, 25) . With EPEC, adherence to epithelial cells activates the eukaryotic transcriptional factor NF-B, which in turn upregulates expression of IL-8 (19), leading to transmigration of polymorphonuclear leukocytes (PMNs) from the basolateral to apical sides of epithelial cells (18) . In a rabbit model of infection with STEC 0157: H7, PMN infiltration was blocked by the addition of antibodies to the leukocyte adhesion molecule CD 18 (3) and inhibition of this inflammatory response led to a reduction in the diarrhea seen in this animal model.
The LEE pathogenicity island
Genes essential for production of the A/E phenotype were found by McDaniel et al. (12) to be located on a 35 kb region of the chromosome which they called the Locus of Enterocyte Effacement (LEE). The LEE was first described for EPEC strain E2348 / 69 but is also present in STEC 0157: H7 and other pathogens capable of producing the A / E histopathology (see below). The LEE is not found in normal flora E. coli, enterotoxigenic E. coli or other strains that cannot produce the A/E phenotype. The entire LEE of EPEC strain E2348/69 has been cloned on a single plasmid which when present in E. coli K-12 is sufficient to produce the A/E phenotype (13). The G + C content of the LEE (38.3%) is much lower than that of the E. coil chromosome (50.8%), suggesting that the E. coli LEE arose by horizontal gene transfer of this pathogenicity island from another species.
The LEE of EPEC E2348/69 (4) and STEC 0157:H7 strain 933 (15) contains 41 open reading frames of greater than 50 amino acids. These genes are organized into three major regions with known functions. The middle region contains the eae gene which encodes intimin, a 94-97 kDa outer membrane protein that is an intestinal adherence factor. The importance of intimin as an adherence factor has been shown with isogenic eae mutants in volunteers experimentally infected with EPEC and in gnotobiotic piglets infected with STEC O157: H7 (reviewed in (9, 14)).
S102
Also in this region is the tir gene which encodes a 78 kDa protein that is translocated into the plasma membrane of eukaryotic cells infected with EPEC (10). Once inside the eukaryotic cell, the Tir protein is tyrosinephosphorylated and the apparent molecular weight increases to 90 kDa. In STEC 026: H-strains, the Tir protein has been called EspE and is similarly tyrosine phosphorylated upon translocation into epithelial cells (2). The translocated Tir protein serves as a receptor for the intimin protein on the surface of the bacterium (10).
Upstream of the eae and tir genes are genes encoding a type III protein secretion system (5, 6). Such type III systems have been described in Salmonella, Shigella, Yersinia, Pseudomonas, and Chlamydia spp as well as in several plant pathogens. For all of these pathogens, the type III secretion systems are responsible for the translocation of proteins from the bacterial cytoplasm to outside the bacterial cell where they can interact with the eukaryotic host cell. The proteins secreted by the type III systems are essential for pathogenesis of their respective species and are secreted without the use of a conventional signal peptide (leader sequence). For EPEC and STEC 0157: H7, the genes encoding the type III secretion system are called esc; the esc genes encode proteins with homology to components of other type III systems. There are some additional genes involved in secretion of these proteins which show no homology to other type III systems and these genes are called sep (4).
Several proteins are secreted via the type III systems of EPEC and STEC including EspA (25 kDa), EspB (38 kDa), and EspD (40 kDa) and mutation of any one of the espABD genes abolishes the A/E phenotype (reviewed in (8)). The EspB protein is translocated into the eukaryotic cell where it is believed to be responsible for triggering the signal transduction events seen in the host cell in response to EPEC / STEC infection (24) . The EspA protein has recently been shown by Knutton et al. (11) to form a filamentous appendage which connects the bacterial cell to the host cell and through which proteins such as EspB and Tir are translocated into the eukaryotic cell. The function of the EspD protein is currently unknown.
The complete DNA sequence of the LEE for EPEC strain E2348/69 (4) and STEC 0157: H7 strain 933 (15) have been determined. The average nucleotide identity between these strains is 93.9% across the 41 shared genes (is). The esc genes encoding the type III secretion system are the most highly conserved and share 9 8 to 100% identity. Interestingly, those genes encoding proteins that interact with the host cells are less conserved with the eae genes sharing 87.23% identity, espB sharing 74% identity, espA sharing 84.63% identity and the tir genes S103 sharing 66.48% identity.
Distribution and chromosomal insertion of the LEE
In addition to being present in EPEC and STEC O157:H7, the LEE is also present in a variety of E. coli strains associated with diarrhea in rabbits, calves, pigs, and dogs, strains of Hafnia alvei associated with diarrhea, and Citrobacter rodentium associated with colonic hyperplasia in mice (reviewed in (8)). The LEE is also present in many but not all STEC of serotypes other than O157: H7. (The presence of the LEE is usually determined by the detection of the eae gene.) The LEE is present in the majority of STEC strains associated with human disease but is not present in the majority of STEC strains isolated from animals or foods (reviewed in (7)). Johnson et al. (7) reviewed non-O157: H7 STEC strains and summarized the occurrence of the eae gene (and presumably the rest of the LEE) in outbreaks due to non-O157:H7 serotypes. STEC of serotypes O145: H-, O111: H-(four outbreaks), O26: H 11, O157: H-, O ? H19, and O104:H21 have caused outbreaks of human disease and all but O ? :H19 and O104:H21 contained eae sequences.
In STEC 0157:H7 and EPEC strain E2348/69, the LEE is inserted at minute 82 of the E. coli K-12 chromosome, just downstream of the se1C locus (12). This site is also the site of insertion of a pathogenicity island in uropathogenic E. coil. However, this insertion site is not the site of the LEE in all EPEC or STEC strains. Wieler et al. (23) found that the insertion of the LEE differed in relation to the clonal phylogeny of the strains, i.e., EPEC or STEC strains that evolved along distinct evolutionary lines as determined by sequence variation in housekeeping genes had a LEE insertion site that was consistent with these phylogenetic lineage of the strains. Thus, strains grouped into the EPEC 1 or EHEC 1 groups by Whittam (22) (determined on the basis of housekeeping gene sequence variation) had the LEE inserted in the se1C locus. Strains that were grouped into EPEC2 or EHEC2 on the basis of housekeeping genes did not have the LEE inserted at minute 82 but at another site. Benkel et al.
(1) recently showed that in many of these strains, the LEE was inserted at minute 94 on the E. coil K-12 chromosome, at the pheU gene. Recent data from my laboratory indicates that the LEE may also be inserted at a third chromosomal site.
These results and other data suggests a likely evolutionary scenario for the emergence of STEC O157: H7 (reviewed by Whittam (21) ). This serotype emerged from an EPEC strain, perhaps of the O55: H7 serotype, to which O157:H7 is closely related on the basis of housekeeping gene variation. This cluster of strains contained the LEE inserted into the S104 
